In the model reference adaptive speed observer, the induction motor supply voltage is used as the input of the reference model. However, measuring the supply voltage complicates the system and increases the cost, so the command voltage calculated by the controller is generally used instead of the actual supply voltage in the drive system. However, due to the nonlinear effects of the inverter, the voltage calculated by the controller is different from the actual supply voltage, resulting in a speed observation deviation. This paper analyzes the multiple effects that cause the three-level neutral-point clamped (TL-NPC) inverter output voltage and command voltage deviation. A voltage deviation compensation measure based on the volt-second balance principle is proposed. In this context, the expression of the rotational speed deviation caused by the voltage deviation is derived rigorously and in detail. Finally, the effectiveness of the voltage compensation measure is verified by experiments. The experimental results are basically consistent with the theoretical derivation expressions. The method and analysis in this paper is applicable to induction motor speed sensorless control systems driven by two-level and other multilevel inverters.
Introduction
In recent years, speed sensorless vector control of induction motors driven by three-level neutral-point clamped (TL-NPC) inverters have become a research hotspot in the field of high-power motor drive [1] [2] [3] . Induction motors are mechanically robust, low cost, simple to manufacture, highly reliable, and are suitable for high-voltage and high-power drive applications. At present, the high-voltage high-power motor drive device often adopts a three-level neutral-point clamped structure, which has the advantages of small loss, high efficiency, and small harmonics compared with a conventional two-level inverter [4, 5] . Among all the control strategies of induction motors, vector control or field-oriented control is the most popular. It can realize the independent control of torque and flux linkage to achieve fast torque response [6] . The magnetic field orientation control can be realized by measuring the magnitude and direction of magnetic flux directly by the magnetic flux sensor or Hall effect sensor in the machine (direct vector control). The magnetic field orientation (indirect vector) vector control can also be applied indirectly by the slip frequency component in the rotor dynamics. The latter is more feasible because it does not require additional flux sensors, which will take up additional space and cost. By decoupling the excitation component and the torque component of the stator current in the synchronous rotating reference frame, the indirect field-oriented control strategy realizes the independent control of the torque and flux, thus making the control of the
Nonlinear Effects of Three-Level Neutral-Point Clamped Inverter
In this paper, we mainly analyzed the influence of the nonlinear effect of the three-level inverter on its output voltage. We analyzed the two major types of nonlinear effect of the TL-NPC inverter, namely, the dead-time delay and device forward voltage drop. The dead-time delay includes dead time, turn-on delay, and turn-off delay. These two major types of nonlinear effect have a great influence on the output of the inverter. For this reason, we only analyzed these two major types of nonlinear effect of the TL-NPC inverter.
Dead-Time Delays
The drive system of induction motor with TL-NPC inverter is shown in Figure 1 . The hardware of the three phases are generally identical in a motor drive system. The output voltage of the inverter is a phase voltage referenced to the neutral point voltage, and the three phases are generally independently controlled. The phase voltage used for the speed observation is the voltage output from the inverter, which is also referenced to the neutral point voltage, so the three phases voltages are independent. This paper only introduces the method of the voltage compensation. This method assumes that the three phases are identical, so only one of the phases is analyzed below, but the specific compensation voltages of the three phases differ according to the voltage and current of each phase. Due to it taking a certain amount of time for the IGBT to turn off, in order to prevent a short circuit in the TL-NPC during the switching process, it is necessary to set a dead-time (Td) delay between G1/G3 and G2/G4. The gate signal G1', G2', G3', G4' with dead-time delay was set as shown in Figure 3 . In addition, after the gate drive signal was applied to the IGBT, it takes a certain amount of time to turn on and off, and the required time is Ton and Toff, respectively. Ton and Toff are not only related to the characteristics of the IGBT, but also the stray parameters of the circuit, and for this reason, the test method is generally used to obtain Ton and Toff. Due to the effects of Td, Ton, and Toff, the actual supply voltage and the desired voltage will deviate. The Td, Ton, and Toff are primarily determined by device characteristics and can be obtained from the device datasheet or measured by test methods. Due to it taking a certain amount of time for the IGBT to turn off, in order to prevent a short circuit in the TL-NPC during the switching process, it is necessary to set a dead-time (Td) delay between G1/G3 and G2/G4. The gate signal G1', G2', G3', G4' with dead-time delay was set as shown in Figure 3 . In addition, after the gate drive signal was applied to the IGBT, it takes a certain amount of time to turn on and off, and the required time is Ton and Toff, respectively. Ton and Toff are not only related to the characteristics of the IGBT, but also the stray parameters of the circuit, and for this reason, the test method is generally used to obtain Ton and Toff. Due to the effects of Td, Ton, and Toff, the actual supply voltage and the desired voltage will deviate. The Td, Ton, and Toff are primarily determined by device characteristics and can be obtained from the device datasheet or measured by test methods. Due to it taking a certain amount of time for the IGBT to turn off, in order to prevent a short circuit in the TL-NPC during the switching process, it is necessary to set a dead-time (T d ) delay between G 1 /G 3 and G 2 /G 4 . The gate signal G 1 ', G 2 ', G 3 ', G 4 ' with dead-time delay was set as shown in Figure 3 . In addition, after the gate drive signal was applied to the IGBT, it takes a certain amount of time to turn on and off, and the required time is T on and T off , respectively. T on and T off are not only related to the characteristics of the IGBT, but also the stray parameters of the circuit, and for this reason, the test method is generally used to obtain T on and T off . Due to the effects of T d , T on , and T off , the actual supply voltage and the desired voltage will deviate. The T d , T on , and T off are primarily determined by device characteristics and can be obtained from the device datasheet or measured by test methods. As can be seen from Figure 3 , the voltage deviation due to dead-time delay, turn-on time, and turn-off time during each switching cycle is
where * u is the desired voltage and Ts is the switching period.
Forward Voltage Drops
In a general control system, the influence of forward voltage drop is negligible. However, in order to obtain a precise supply voltage and achieve high-performance rotor speed observation in speed sensorless control systems, it cannot be ignored.
The current path in different switching modes is shown in Figure 4 , where the current flows through two devices in different paths. The IGBTs and the diodes generally have the same voltageand current-level devices in a TL-NPC inverter, and their difference in forward voltage drop is small. For example, the forward voltage drop of Infineon's IGBT (Neubiberg, Germany) (FZ3600R17KE3_B2) and diode (DZ3600S17K3_B2) are 2.0 and 1.8 V respectively with the difference being about 10%, and they are often used together in TL-NPC inverters. For the IGBT module (Infineon's F3L300R12ME4_B23) used in the experimental platform of this paper, which contains the clamped diodes, the forward drop of the IGBT and the diode are 1.75 and 1.65 V respectively, with a difference of about 9%. Hence, if we ignore the difference in voltage drop between the IGBT, antiparallel freewheeling diode, and clamp diode, the total forward voltage drop can be expressed as As can be seen from Figure 3 , the voltage deviation due to dead-time delay, turn-on time, and turn-off time during each switching cycle is
where u * is the desired voltage and T s is the switching period.
The current path in different switching modes is shown in Figure 4 , where the current flows through two devices in different paths. The IGBTs and the diodes generally have the same voltageand current-level devices in a TL-NPC inverter, and their difference in forward voltage drop is small. For example, the forward voltage drop of Infineon's IGBT (Neubiberg, Germany) (FZ3600R17KE3_B2) and diode (DZ3600S17K3_B2) are 2.0 and 1.8 V respectively with the difference being about 10%, and they are often used together in TL-NPC inverters. For the IGBT module (Infineon's F3L300R12ME4_B23) used in the experimental platform of this paper, which contains the clamped diodes, the forward drop of the IGBT and the diode are 1.75 and 1.65 V respectively, with a difference of about 9%. Hence, if we ignore the difference in voltage drop between the IGBT, antiparallel freewheeling diode, and clamp diode, the total forward voltage drop can be expressed as
where u ce is the average forward voltage drop of a single device and can be obtained from the datasheet. 
G1,G2,G3,G4:0110 G1,G2,G3,G4:0011 The forward voltage drop in different current directions is shown in Figure 5 . Hence, the voltage deviation due to the forward voltage drop can be expressed as Figure 5 . The forward voltage drops in different current directions.
Analysis of the Influence of Voltage Error on Rotor Speed Observation
Adaptive control is mainly used for parameter adaptation. The essence of an adaptive control mechanism is to adapt to the controlled system with parameters that need to be estimated. The configuration of model reference adaptive system (MRAS) is illustrated in Figure 6 . There is a reference motor model and the adaptive model as a function of the parameter to be estimated. The adaptive mechanism is used to ensure that the state of the observer converges to the state of the motor. The forward voltage drop in different current directions is shown in Figure 5 . Hence, the voltage deviation due to the forward voltage drop can be expressed as
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The error equation derived from the induction motor model Equation (4), together with the adaptive full-order observer Equation (5), can be expressed by the following equations: 
where 
and L m are stator resistance, rotor resistance, stator inductance, rotor inductance, and magnetizing inductance, respectively.
From the state Equation (4), we can build an adaptive observer as shown in Equation (5). The error equation derived from the induction motor model Equation (4), together with the adaptive full-order observer Equation (5) (7) where
According to Equation (7), we can get the current error equation as shown in Equations (8)- (10). 
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According to Equation (8), we can get
()
. Using Mason's gain formula to process Equation (11), we can get Equation (12) . Hence, Figure 7 can be further represented as Figure 8 . We assume that
. Using Mason's gain formula to process Equation (11), we can get Equation (12) . Hence, Figure 7 can be further represented as Figure 8 . Figure 9 shows the amplitude of the transfer function under steady state conditions. From the figure, we can see that the lower the rotor speed, the more sensitive the observed speed is to the voltage error. The parameters of the induction motor are shown in Table 1 . 
According to Equation (8), we can get
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Nonlinear Effects Compensation Scheme
In order to improve the performance of the speed observation, it was necessary to make the input voltage of the observer coincide with the supply voltage of the induction motor. In this paper, the output voltage of the inverter was compensated by the principle of volt-second balance. The Figure 9 shows the amplitude of the transfer function under steady state conditions. From the figure, we can see that the lower the rotor speed, the more sensitive the observed speed is to the voltage error. The parameters of the induction motor are shown in Table 1 . Figure 9 shows the amplitude of the transfer function under steady state conditions. From the figure, we can see that the lower the rotor speed, the more sensitive the observed speed is to the voltage error. The parameters of the induction motor are shown in Table 1 . 
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In order to improve the performance of the speed observation, it was necessary to make the input voltage of the observer coincide with the supply voltage of the induction motor. In this paper, the output voltage of the inverter was compensated by the principle of volt-second balance. The speed observation uses the voltage command before compensation as the input voltage, thus achieving the goal that the input voltage of the observer is consistent with the supply voltage of the induction motor.
A comprehensive compensation scheme was used to consider multiple factors of dead time and forward voltage drops. Figure 10 shows the comprehensive voltage compensation block diagram of one phase of a TL-NPC inverter. Figure 11 shows the control flowchart of the whole procedure of the controller using proposed method. A comprehensive compensation scheme was used to consider multiple factors of dead time and forward voltage drops. Figure 10 shows the comprehensive voltage compensation block diagram of one phase of a TL-NPC inverter. Figure 11 shows the control flowchart of the whole procedure of the controller using proposed method. 
Experimental Results
In order to verify the previous analysis, an experimental platform was set up. A TL-NPC inverter fed from a constant DC voltage supply drives an induction motor. The TL-NPC inverter was designed using Infineon FF300R12ME4_B11 IGBT modules. The current controller was implemented on Texas Instruments TMS320F28335 and Altera Cyclone III EP3C25F324 digital signal controllers. The experimental platform control block diagram is shown in Figure 12 . In order to reduce the influence of speed control on the actual speed of the motor, firstly, the speed closed-loop control strategy was used to accelerate the motor to the target speed, and then a constant torque control strategy was adopted, and the constant torque was 0 N•m by setting the isq* to 0 A. A high-precision A comprehensive compensation scheme was used to consider multiple factors of dead time and forward voltage drops. Figure 10 shows the comprehensive voltage compensation block diagram of one phase of a TL-NPC inverter. Figure 11 shows the control flowchart of the whole procedure of the controller using proposed method. 
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Conclusions
In the model reference adaptive speed observer, the induction motor supply voltage is used as the input of the reference model. The command voltage calculated by the controller is generally used instead of the actual supply voltage in the drive system. However, due to nonlinear effects of the inverter, the voltage calculated by the controller is different from the actual supply voltage, resulting in a speed observation deviation. A comprehensive compensation scheme considering the dead-time delay and device forward voltage drop was proposed to improve the accuracy of speed observation, which was verified in an experimental platform. The main conclusions of this paper are summarized 
In the model reference adaptive speed observer, the induction motor supply voltage is used as the input of the reference model. The command voltage calculated by the controller is generally used instead of the actual supply voltage in the drive system. However, due to nonlinear effects of the inverter, the voltage calculated by the controller is different from the actual supply voltage, resulting in a speed observation deviation. A comprehensive compensation scheme considering the dead-time delay and device forward voltage drop was proposed to improve the accuracy of speed observation, which was verified in an experimental platform. The main conclusions of this paper are summarized as follows:
•
The transfer function expression of the inverter output voltage error and the observed rotational speed error was derived. The transfer function indicated that the inverter output voltage error will result in inaccurate observation speed.
The transfer function indicated that the lower the speed, the more obvious the influence of nonlinear effects of the TL-NPC inverter on the speed observation.
The proposed nonlinear effects of the TL-NPC inverter compensation method were effective for speed observation. The compensation method was verified by the experiment.
In conclusion, the nonlinear effects compensation method is also suitable for five-level and other multilevel inverters for induction motor sensorless drive systems. 
